H.  Ik>e]aN(;  and  P.  Shahinian 


Tfmperahirt  AUejs  BmneA 


BEST 

AVAILABLE  COPY 


COM  t.N  IS 


Abslratl .  I 

Problem  Suit  us .  I 

Authori/atioii .  I 

IN  I  RODUC  I  ION .  I 

INS  I  RCMKN  I  S  AVAll  ABI.K  FOR 
HICH-TEMFKRATURF  MFASI  REMFN  I  .  I 


EXPERIMKN  I  AI  I  KMPKRAI  I  RK 
OF  I  F.RMINA  I  ION . 

Ceneral  Approadi . 


Optical  Pvroinetrv . 

Two-Color  P\rometrv . ‘J 

Pr«Kcdure  l«ir  reiiiiKTatiire  Measnremeui .  II 

SUMMARY .  II 

ACKNOWI  .F  IK  iMF.NTS .  12 

REFERENCES . 12 

APPENDIX  — Atcumulaiioii  of  Umeiiainiies .  12 


I 


BLANK  PAGE 


Brightness  and  Two-Color  Pyrometry  Applied 
to  the  Electron  Beam  Furnace 


H.  DotKINt.  AMI  I‘.  SlIAIIIMAN 
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INTRODUCTION 

.A  taiiliiv  Id  cNtiluaU'  ih<-  iiRriiaiiital  |M(i|KTtH-s 
df  n-traiioiy  nx'lals  up  id  a  it‘iti|xTaliiU‘  d( 
(iOOO°F  vsas  i('(('iill\  pul  iiiid  d|R't,ilidti  ill  lliis 
I..iI)diaidiA .  i  Ix’  (‘(juipniriil,  (dttsisitiiK  d(  an 
('!('( iidii  hcain  iittit.itc  .iinulit-ti  Ki  an  hiAiidti 
lesU‘1.  |K't  ittil>  U'lisilf.  I  diiipi<'s>idti,  iclaxaltdii, 
aiul  ld\v-»\«U‘  r.tliKiK'  losliiik’.  M<‘alin^  df  llir 
l«‘>l  s|H'«  iinrii  is  aiiiiiuplislKHl  liv  iMiiuliat<lni*'iil 
III  llu-  sprciiiK'ii  suil.hcs  Ity  <'k‘<lidii  iK-aiiis 
^cnrralctl  in  Iwd  ^rll-a(c<'k‘llllin^  ckxiroii  ^Hu^■ 

I  hr  (Irsirrd  lrni|H‘ialurr  is  dhlaiiird  hv  adjusiiii); 
llir  rniissidti  unrrni  in  <  :uli  kiiu.  an<i  llir  Immiiis 
.nr  surpi  d\<'i  llir  sp<-ciinrn  In  iihlain  an  rvrii 
lriii|K'i  al  III  r  (list  1  ilnil idii. 

Il  svas  llir  pur|idsr  dl  iliis  siiuls  Id  rvalii.ilr 
pMdinrliit  iiisii iinirnis  Idi  ilir  tlrlri ininaiidii  dt 
lrni|KTaiuir  in  lh<‘  rlrilidii  Ikmiii  lniiia(<‘.  as 
uril  as  In  rsialilisli  a  irliabir  priHrdiiir  Idi 
making;  llic  lrni|KTaiurr  nirasur«‘iiirnis.  ,Alsd. 
ihr  sia’-isiiral  inn rriaiiiiv  dt  sikIi  lurasunMiirnis 
was  r\alnair<i. 

INSTRUMENTS  AVAILABLE  FOR 
HIGH-TEMPERATURE  MEASUREMENT 

1  tiT  mi  Tx  iirrrtthim  iiisi I  iinii  nls  trsnl  ■Int 
lrni|H‘ialinr  nirasuiriiirnl  wrir  miiskh'i<“«l  fni 
|Hissil>lr  use  wiili  ihr  rlrtlidii  liraiii  hiiiiair.  i  lir\ 
iiK  linlr  iliri  iikh diiplrs,  uiial  latlialidii  p\  1  diiirirrs, 
dpliral  pvidinrirls,  aiuI  lUd-tdhii  pirdiiirUTs, 

NKI  I'mlilini  Mill  n*!.  l’iii|iii  KK  11117  HI  In  74(l7,  IKI’A  dull  1 
itMt)*  I  Ills  <  niii|)li'lrs  imm  jtli.isr  <»t  ihi  |Mtii>if  ||i.  viuik  oh 

oiIh!  III  (hr  ix  (oiiliiiudiK  M.iiiiiv  t  if>I  siiliHiillril 

IhiniiU  I  MI. 


t  hrniKKOUpIrs,  altiidU){li  (dinrniriil  hn  Imili 
inrasuiriiiriit  and  innlidl,  air  liiiiitrd.  ai  Im-si, 
Id  alxnii  Kinilirinidir,  iln“\  laniidl  Ik“ 

rx|M)srd  Id  llir  rlrilidii  Ikmiii  siiur  llir  iniKKlin- 
lidii  dl  rlrriiital  1 1111  ruts  vmiuUI  taiisr  riidis  in 
llir  trni|K-iaiiiir  nirasiiirniriits. 

Idial  radiaiioi)  pvidinriris  nia\  Ik-  iisrd  tin 
nirasiiirniriit  and  unitidl  al  hik>liri  irin|K“iainrrs. 
bill  llirv  air  siibjrri  lo  vriv  sriious  riiin  whrn 
(a)  ihr  rniissiviiv  nl  ihr  s|K-(liiirn  is  iiol  an  in  airly 
kiidwii,  (b)  ihrir  air  ninlaminaiils  prrsrni  in  ilir 
ainidsphrir,  and  (* )  llir  tiirnair  sinlii-jMiii  >'hm 
lK‘(diiirs  niaird  wiih  niriallii  \a|)dis  lidiii  ihr 
hr.ilrd  S|K‘rinirn. 

riir  disap|K'aiiiiK-tilanjr!il  npiira!  psidinrlri. 
iK'taiisr  dl  iis  liik;lK .  aniiiais  anil  siabilin,  is 
iiidir  tiripiriilb  iisr.l  bn  hi^ll•lrlll|lrtalulr 
inraMiiriiirnls  ( 1 1.  Kr.idin^s  dl  ibis  iiisii  itnirni. 
wliirli  is  lalibialrd  Inr  biaiklxKly  (diulilidiis, 
iisiialK  iMiisI  Ik-  i  hi  in  Ird  Ini  iln-  lai  j^rl's  rniissi\ii\ 
anil  Idi  ailrinialdis  sin  li  as  si^lil  ^l.issrs  and 
idaliiiKs. 

Ihr  iwd-ididi  pvidinriri.  wlikli  laii  pidsitir 

iFflli^ll  ritS  n.l  .Isitt  r  Ills  III  .Hid  llllllil.l.  I  I  %  S  i  S  I  Pll  iX  s 

sdiiK-  dl  llu-  i-iidis  wlin  II  .nr  (innnidii  in  iiplii.il 
pxidinru-i  it-.idiiiy;s  (2,d).  I  br  iiisii iinirni  diinlh 
rtw.TMktTA  klxr  TvItTd  Tit  mtf  trsflitA  within 

iwd  dillririil  \\,i\(-l«-ii^lli  b.iiuls  — ilir  iiilrnsin 
wiiliin  a  band  in  ibr  blur  ir_i;idn  dl  ihr  s|K-tliuni 
Id  llu-  iiitriisiiy  witbiii  .1  band  in  llir  it-d  r<‘k;idii  nl 
llir  s|H‘ili  nni.  Whrn  a  siiilniiij.;  i\  m.idr  on  a  blat  k- 
ImmU,  ibis  raiid  iiu  irast-s  uiili  iiu  it-.isiii^  l<-iu|K-ia- 
liiir  aiididiiik;  id  I'laiuk's  ladi.ilidii  law.  Ilu- 
iiisiriimrnt  is  sd  lonsirui ird  dial  ibis  valid  is  vrad 
ibrrrilv  as  iriniK-raluir.  Bnausr  iliis  pwdiiiriri 
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Utilizes  the  latiii  iit  energs’  emitted  within  two 
wavelength  bands  rather  than  the  magnitude  of 
erterg)-  within  only  one  band,  it  should  be  relatively 
msensitive  to  diffeiences  in  entissivhy  (whuh  is 
a  function  of  wavelength),  contantinants  in  the 
atmosphere,  and  attenuation  by  sight  glasses  and 
coatings.  It  is  indeed  insensitive  to  these  factors 
when  the  spectral  emissivities  are  equal  within  the 
two  wavelength  bands  (graybody  emission)  and 
when  the  spectral  attenuations  within  each  wave¬ 
length  band  are  equal  in  both  the  glass  and  the 
coating.  In  reality,  these  conditions  rarely  exist 
and  some  error  is  introduced  For  example,  if 
more  blue  than  red  is  emitted  from  a  surface  in 
comparison  to  that  emitted  by  a  blackbody,  then 
the  temperature  reading  will  be  higher  than  true 
temperature.  Similarly,  if  the  sight  glass  trans¬ 
mits  less  blue  than  red  radiation,  the  temperature 
will  read  lower  than  it  would  if  no  sight  glass  were 
present.  The  instrument  possesses  very  high 
misitivity,  and  this  attribute  makes  it  fiartii  ularly 
suitable  for  the  continuous  monitoring  and  control 
of  temperature. 

C)n  the  basis  of  their  inherent  characteristics, 
the  optical  and  two-color  pyrometers  were  selected 
for  evaluation  to  determine  their  suitability  fur 


teni|)erature  measuremetti  in  the  electron  beam 
furnsKe. 

EXPERIMENTAL  TEMPERATURE 
DETERMINATION 

General  Approach 

The  factors  that  influence  temperature  meas¬ 
urement  in  the  electron  beam  furnace  include 
emissivity,  furnace  reflections,  and  attenuation 
by  the  sight  glas^  and  coatings.  These  factors  are 
examined  in  detail  as  they  affect  readings  taken 
with  the  optical  pyrometer,  together  with  consider¬ 
ations  of  instrument  calibration  and  reading 
uncertainties. 

Published  values  of  emissivity  for  tungsten 
cannot  be  used  with  confidence  in  the  electron 
beam  furnace  since  these  values  apply  only 
to  polished  surfaces  sighted  fierpendicularlv. 
'iliff  lest  sfxtitnms  iMd  ill  this  luinar  may  lx 
either  rod  or  sheet  and  are  machined  to  finishes 
having  a  certain  degree  of  roughness.  .Also, 
sheet  specimens  cannot  be  viewed  perpendicularly 
(Fig.  1),  as  can  the  rod  specimens.  For  these 
reasons,  together  with  the  consideration  of  furnace 


Fig.  I  ■  Srhrnulk  plan  view  of  cleriron  beam  furnace 
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KiK  2  ■  iHitiiiiiv  litiiKsIrti  Htih  tioks 

iimmI  liir  th<-  <t<'li-iiiiituli<iit  ol  s|M'(ini<-ii  i-iiiKsimU 


leflettions,  iin  cinpirital  approat  h  to  the  eslalihsh- 
ment  of  true  lemixTature  is  adopieil.  1  his  is 
accomplished  by  nlakill^  the  comparision  iK'tweeii 
a  blackbixly  and  a  surface  at  llie  same  tem|KTa- 
tiire,  the  surface  i)elll^  similar  to  that  of  the  sheet 
test  spetimen  where  all  the  |M>ssible  variables  are 
encountered. 

The  etfet  ts  of  emissiviiy  and  of  attenuation  by 
sight  glass  and  coatings  on  the  iwo-<olor  pyrom¬ 
eter  readings  are  determined  and  loiiipared  to  the 
elfects  on  the  optical  pyioiiieter  readings.  From 
this  coiupai'isou,  and  from  considerations  of  the 
basic  charactei'istics  of  each  instiumeiit,  a  pro- 
cednre  is  established  for  both  the  determination 
of  the  true  teni|x?rature  and  the  monitoring  and 
control  during  a  test. 

Optical  Pyrometry 

Corrfction  for  Emiasivity -  I'hc  eniissivity  c,  de¬ 
fined  as  the  ratio  of  the  total  radiant  energy 


emitted  from  a  sui  lace  to  the  total  eiieigx  emitteil 
bv  a  blac  klxHlv  at  the  same  iem|K-ialiire.  de|H‘iids 
Oil  tem|x'raluie,  material,  surface  liiiisb,  and  the 
angle  of  emission.  I  o  establish  the  eniissivitv  of  a 
test  s|M>ciuieu,  an  ex|K'rinieul  was  ilev\ed  wbidi 
would  acioiim  lor  all  the  variables  ii|>oi)  wbii  b 
eniissivitv  is  de|>endent.  iiicludiiig  reilcM  tioiis  fioni 
within  the  liiriiaie.  .\  ihnuiin  s|M-cinien  of 
tungsten  was  consliiicted  as  shown  in  Fig.  2  in 
orcKi  to  establish  the  lelalioiisbip  iM-tweeii  the 
blue  kin hIv  tot  tine)  lem|H'i .itiiie  .mil  the  sin  face 
jbiightness  tein|K-r:ituie.  I'be  two  boles  of  lenglli- 
do-radius  (l./R)  ratios  of  Iti  .iiid  H  are  designeil 
I  to  provide  blackhodv  i  iniditiotis. 

rheoietii ally,  the  bole  with  a  I  K  latio  of  Ifi 
should  I  achate  D.Hfil  to  tl.yff?  ol  the  energy  of  a 
blackbcKly  and  the  bole  with  a  I.,  K  latio  of  K 
should  radiate  O.Hfitr  to  t).99t)  the  energy  (4).  No 
differeiice  in  brightness  was  obsei  yc-d  iH-twren  the 
twi»  holes,  so  at  Ix’st  they  radiate  t).9fM)  of  the 
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I  abii  I 

Iht'oiflilul  Tfm|KTaUiH‘  DilliTenir  {T  —  T,^,)  Owing  lo  |1<'|i.iiiiii(' 
III  Diiiniiiv  I  iingsii‘11  S(KH  iim‘ii  Holes  lioni  Rlaiklxxiv  (aiinliiions 


— 

Hlac  kboctv 

I c‘Ui|H'iatuic‘  T 

{’K) 

T—  T*.  .According 
ill  lleVc.s  (4) 

CKi 

T  —  Frt,  Acconling 
lo  (iassit'lloll  rt  n.  (.'i| 

For 

For  /./A?=8 

For 

For  /./«=« 

1.  .  y 
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h 

2<MM) 
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2li 

.'tnoii 

4 

14 

hi 

.57 

1  -lOtNI 

7 

27 

29 

ll»3 

pnrrgA’  of  a  blarkhodv  anil  at  worst  they  ladiau 
0.964  of  that  energy.  I  he  resulting  theoretical 
temperature  differetues,  due  to  departure  from 
hlackhody  conditions,  are  given  hv  Wieti's  law  at 
a  wavelength  of  0.65  micton  as 


i__L.!l21L/ 

T  frt.  9606 


tl) 


and  are  tabulated  for  four  values  of  true  tentfiera* 
ture  in  Table  I .  In  F.q.  ( I )  f  is  the  true  (blackbodv) 
temperature,  T***  is  the  observed  brightness 
temperature  of  the  hole,  and  /  is  the  theoretical 
fraction  of  blackhody  radiation  ftom  the  hole. 
Wien's  law  is  simpler  than  Planck's  law  attd  is  a 
close  approximation  to  it  at  the  wavelengths  and 
temperatures  discussed  here. 

C^s.seltoti  etal.  (5)  have  provided  anothei  means 
of  calculating  the  theoretical  departure  front 
blackhody  brightness.  The  relation  they  deve!o|ied 
is  based  on  the  geometry  of  the  holes  and  the 
emissivity  of  the  tnaterial  iti  which  the  Indes  are 
di tiled.  This  dcqiarlure  ts  given  bv 


"96061 


I  + 


(l~ec)  I 


miH)  r 


Assuming  that  the  s|)ecti'al  emissivity  «»  at  A  *=  0.65 
micron  is  0.45  for  tungsten,  the  departures  of 
both  l/I6-in.-diani  holes  iti  the  dummy  specimen 
are  also  listed  iti  I'able  I. 

in  the  present  work,  however,  the  holes  will 
be  assumed  to  be  blackbcxiies  since  the  errors 
would  be  small  atid  since  both  holes  ap|)eared 
equally  bright.  Fiirthertnore,  a  thernicxouple 
placed  inside  another  dummy  s|)eciitien  1/16  in. 
away  from  the  blackhody  hole  gave  agreement  to 


within  a  lew  dcgiees  of  the  optical  pvionieiei 
readings  over  the  interval  I5(M)-I50d°(l.  riius, 
tilt'  assumption  that  the  holes  are  blacklxMlies 
is  lunliei  sup|)oiiecl. 

In  order  to  simulate  the  surface  of  a  test  s|>eci- 
men,  a  Hat  suiface  on  the  cylindrical  duiiimv 
specimen  was  ptovided  so  as  to  have  the  saitie 
angle  of  emission  (as  defined  in  Fig.  I)  and 
the  same  surface  hnish  (12  niicroiiu  hes)  as 
that  of  the  narrow  edge  of  the  test  s|K’(iniens  to 
be  used  in  the  furnace.  'I  he  increase  of  the 
s|)ectral  emissivity  with  increasing  angle  of 
emission  up  to  a  maximum  at  75  degrees  is  shown 
at  iwo  wavelengths  for  tungsten  (6)  in  Fig.  3. 
Readings  of  a  tilackliodv  temperature  atid  a 
curres|M>nding  surface  brightness  tem|)eratute 
Tb  on  the  duniniv  specimen  will  permit  a  c  alc  illa¬ 
tion  of  the  s|>eciral  emissivity  cx  at  a  given  wave¬ 
length.  For  a  number  of  measured  temperatures, 
the  values  of  cx  were  computed  Iroin  the  relation¬ 
ship 

Ct 

where  Cj  =  14,833  niicrons-°/v  and  X  =  0.65 
micron.  These  values,  shown  in  rahle  2.  differ 
from  reported  values  lor  polished  tungsten 
viewed  jier|M‘ndiculiirly  to  the  surface.  Koi 
er.ainplc-,  at  a  lem|x-ranirc  in  the  vicinity  of 
2000T..  Fable  2  shows  a  value  «x-o<»  =  0.47.  in 
contrast  to  reported  values  of  0.44  (7)  and  0.37  (8). 
But  ihe  values  shown  in  Table  2  were  found 
reproducible;  hence  they  may  be  assumed  correct 
for  the  furnace  reflections,  s{)ecinieii  Hnish,  and 
angle  of  emission  present  here. 
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1 '  \  ,11  i.itmn  lit  tc'l,<lKr  s|K'ftt,}t  rtiii>MMl\  wiili  .ni^lr  n)  riinssioti  hn  iii}i|>sini 
MiMMitniirtcfs  iii.idr  .il  il  l  A  0  Mi  iniiliMl  (lr<|}.  ><1111  f)il  A  (TtT  mihikii  dditrl 

fd.itd  hnici  Kr)  (fiH  Nutr  tli.u  A  =  uMi  ttintiMt  in  tii'iilini  di<'  iiM  >l  h\  die 

K|ilu.i)  |)\t(itttrtri  fOli’i  ttiHiKiif  iKti  die*  li'«l  tiM'd  flir  im»iK|iii  |tMMiiirHl  (tffid 
ititi  loti) 


Sighi  (Utm  ('.uTintum  I  lie  tiiif  lnii|M'iaMii<' 
is  )Ik'  oi  llic  hl,ukh<Mi\  hetirs  in  ilit- 

(liimiiiv  s|M'tiim'ii  after  torm  tiii^  Idi  .iii<-iiii.itic»ii 
l)V  till'  siKlil-|M)il  ^lass.  f  ill'  alli-iiiialiiiii  Its  tlic 
siglil  glass  is  (Inc,  in  large  |)ail.  lo  lelliH liciiis  iictni 
I  lie  sill  fates  nl  llie  glass.  To  a  lesser  extent .  tlie 


alleiniathni  is  (le|K-n(lenl  <in  llie  alism |ili<<ii  <il 
light  In  the  gl.iss  iiself  and  In  the  stalleriiig  <<f 
light  In  ini|M‘i feilidiis. 

.Aiiidiig  seseial  inelliiMls  used  Idtdiietl  hn  llie 
.illennalidii  Its  llie  sight  gl.iss,  the  Idlliiwing 
itKNednie  was  Idiiiid  (dineiiieiil  .mil  leliahle. 
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A  U'tit|M't.iluti'  Ti  IS  tiu'.isint'd  iIiiiiiikIi  the  siiikIi' 
gliiss  Nrvi.  .lit  tilrttlK .il  ^l.iss  is 

tttU't |MiM'd  III  llir  hilt-  id  si^lil  .ind  tlir  icsiilliii^ 
dro|)  in  tctn|iiManttr  {Tt  —  T-a  iHiiniirs  ihr  ^l.^ss 
nirmliiiii  fur  T>  mdx.  .ind  not  ioi  Ti  .is  is  lir- 
<|iK'iilU  assitint'd.  I'siiig  {T)  —  T;)  as  ilu  loiit-dioii 
liir  T\  wiinid  intriidiiM'  .iii  riiin  id  l.l°K  at 
rills  tTiiii  IS  dill'  III  pail  in  niidliplf 
ii'tli'i itiitis  and  ill  pail  lo  iht'  Kui  ilt.ii  ilu-  4•lrl(■{- 
linn  {T,  —  Ti)  di'i  rrasfs  with  dn  r«‘asin^  hti^htlH‘ss. 
and  siitti'  ihc  si'iond  pifif  id  n'ass  sits  .i  lowt  i 
hriKhliK'ss  than  llir  f'isl,  iIm'  iniirilioii  (/',  —  T,i 
IS  liiw  Nslti'ti  a|ipltrd  Hi  T\.  Hi'iuc,  plol(in^  T; 
versus  (Ti  —  Ti)  fur  diHereiil  s|K-nnieii  t<‘ni|H‘i- 
ainres  pt  ovtdi's  a  tnm  ' .m  in  ale  eiiiptnial  iin  iii- 
lion  lor  a  sijfhl-|>orl  glass.  When  a  hiighiness 
lent|>et  .nnre  is  measured  ihroiigh  I  he  sighl-|iorl 
glass,  ihe  iotres|Mniding  ploiied  loiietiion  ioi 
lhal  letnireralnre  is  added  lo  ihe  measured  hi  igl.i- 
iiess  lo  litid  llte  htig.httiess  as  il  no  glass  ueie 
presi'iis. 

In  tise  alMive  entpiiu.tl  priMedtire,  midliple 
lelleetions  helween  the  tuo  gl.isses  also  iiiirodiite 
.m  fTTot.  !  In  tonT  stnlais's  i  d  thi  ns  o  glasM  s 
make  ii  possible  for  nioie  light  lo  Ire  iransiniiled 
through  the  seiond  glass  than  through  the  Inst 
so  that  the  empiriea!  lorreition  lor  the  seiond 
IS  inesitably  measuted  lowet  than  lor  the  Inst. 
But  if  one  assumes  reasonable  sallies  lor  re- 
lleetanee  and  absorption  lor  l/4*iti  psres  glass, 
one  mav  show  that  at  3<MM)‘’K  the  tent|M‘raiiire 
drir|p  ol  the  hrsi  glass  alone  is  t*.n*K  g/e.iier  than 
that  of  the  second  glass  alone  when  the  two 
are  placed  in  series.  I  his  error  is  small  enough 
to  be  overlooked  in  most  appliiatioiis.  !i  would 
be  attractive  from  the  stand|)oint  of  ledming 
leading  uncertainties  in  the  glass  correition  to 
use  tTmte  diati  ertic  Adtlittistiaf  >{h»ss  tfhvfcr  the 
correction.  Bin  the  errors  ininHiuced  from 
multiple  rellections  increase  sharpiv  with  the 
number  of  glasses  used  and  vmmi  idlset  the 
reduced  reading  iim  eriainiies. 

The  empirical  priKednie  pio'vid  -s  a  leahsiii 
correction  as  contrasted  to  lalcid.itions  involving 
known  or  established  iraitsmillances.  For  example, 
k  was  Liuuwl  lug  tci  tte  sutbiirui,  iu  llkis  'jw  t<> 
calculate  the  transmittance  ol  the  glass  at  one 
temperature  and  then  to  appiv  this  to  establish 
correitions  at  othei  tetn|K'ratutes.  It  appears 
that  the  tratismittance  ihanges  with  bright¬ 
ness,  as  shown  in  Table  2.  I  bus,  the  empirical 
ptwerdm*  cOfwltHtwl  iK«  tfie  tawge  ol  w'twpes'a 


lines  nsed  in  ihe  ele<ti'<ii  Ik. nil  hnn.iie  vi.is 
loiisideied  die  iiiosi  le.i.isiii  .ippio.ith  lo  the 
loiteilioit  ioi  gl.iss  .titenti.ilion. 

t  Ilf  ill, 'Iff  Utfuutilion  III  lotiti.ist  III  die  im- 
leition  iitt  the  .itletnt.itioti  oi  the  gl.iss.  the 
iiii-l.illii  de|K)siis  nil  dll'  gl.iss  |»U'senl  .1  iimu- 
dilhtidl  pioliletii.  Ile.itiiig  oi  the  s|k'<  iiiieii  is 
.il tonipitshed  hv  eleiltoti  Ik'.iiiis  in  .1  v.iniinii  oi 
It)  *  ton,  .md  .It  veil  high  ietii|K't,ttincs  niii.il 
v.i|Miis  liotit  the  s|H'<ittieti  te.idilv  (h'|Misit  thetii- 
selves  0:1  the  siglii  gl.iss,  I  his  de|M»sj|  piodines 
erioiieons  iiie.isin etiteiils  ior  whii  h  no  .iiiin.ite 
coiieilioti  i.tn  Ik’  ttt.ide  sinte  the  thiikness  oi  die 
dejMisii  I  .nmol  Im'  predii  led.  At  .in  inili.tl  s|k'(  mien 
lem|K'r.ilnie  oi  IftHHiT!,  ,1  tediiilion  oi  sevei.il 
hiindied  degtees  is  oiiset  \ed  in  the  in  igliliiess  ,dlei 
oulv  .1  iew  minnies,  Slinlleis  ,ire  nsn.illv  used  ,nid 
.lie  o|K’iied  onlv  wliile  t.tkitig  te.)ditigs  But  this 
is  ijiisaiisiiii  tin  V  ioi  two  te.tsons,  Fveti  lot  sitini 
<'X^M>sin<'k  .1  dim  m>-tid^  ousU'iig  uill  uf<i  kUiiLiliUe 
on  the  sight  glass,  jpissihlv  iihi  light  to  noiiie,  ,nid 
Im’  sidiuietit  lo  iiilrodiivv  eriois,  ,\lso,  iHi.inseoi 
.he  de|M>sii.  the  leni|M'i.ilme  i.miioi  lie  loiiiimi- 
mistv  monnined  ,md  1  onliolleil,  Bv  me  ol  smi.ilili' 
shielding  air.nigemeiits  .mil  inlet mittent  te.iditig 
teihniipies,  these  eriois  .iie  itiiiiiiiti/ed. 

Ma\ter  ('.nUhrntiiiii  t-'iinr  — .A  m.islei  lalihi.i- 
lion  iiirve  mav  Ik-  plotted  now  to  give  the  line 
lein|M‘r.iliire  iroiit  the  smi.ite  hiighiness  le.iditig 
ol  .1  lest  s|M-nitien.  In  this  priHednie.  the  line 
leinp'  .linie  of  the  dniiniiv  s|H'cmieii  will  Ik-  the 
tennwiiitutr  ifiul  iu  dH'  bln Vlw cite  lioli'*  .dui 
adding  the  sight-|K»rt  glass  correition,  ,Al  various 
tem|>eraluies  ,md  with  no  toaimg  |iteseiit.  ptiiis 
ol  leadings  .ne  t.ikeii;  Inst,  the  hole  tempei.iline, 
to  wliii  h  the  gl.iss  1 01  let  lion  is  addeil,  .mil  set  ond, 
the  hiighiness  lem|M'ratme  fiom  the  sin  l.ue  wlni  h 
smiidates  itle  sml.ne  ol  .1  test  s|M'ittiiet<  lliesi* 
le.idings  .ne  plotted  as  a  i.tlihtatioit  ntrve  in 
Fig,  4.  I  his  nirve  takes  itilo  .tcioimt  .til  the 
i.tilors  ndlnetiiing  emissiviiv:  nialeit.d.  sml.ne 
hiiislt.  angle  ol  emissioti,  and  ittrn.tie  teilei  tiotis. 
I  he  .ittemi.itioti  oi  the  sight  glass  is  also  t.ikeii  into 
aiionni,  so  ih.il  now  ii  the  teni|K't.tlnte  ol  a  test 
specimen  is  desited,  one  need  onlv  ie.nl  the  sin 
late  turgliliw-ss  (cs  lueaxvcli'-il  In.  dn- 

pyrometer)  and  ins|ieti  the  curve  oi  Fig.  I  lot 
the  iories|>onding  tiue  tem|K-rature,  piovided, 
oi  tourse,  that  the  pvrometer  is  |iro|N'ilv  i.ih- 
biated,  A  similar  curve  mav  Iw  plotted  lot  the 
determination  of  the  tem|terature  of  hkI  s|k‘ii- 
»iwWs,  In  Ihk  c*se.  the  wnrpwiwiw  »s  vwmff 
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Ixrtween  thf  blat  kbfidv  h»»le  irni|K*raiurc  hikI  iIk‘ 
surface  hrinStness  •em|Hialiuc  diic-ctU  abene 
•  tr  below  a  Imle  •>!  the  (iuiunn  specimen, 

Pvomrtrr  ( .nlihtiilicti  ~  I  he  l.iiboi  aim  \  opttial 
pMoiUflei  used  in  this  sliuh  in  iiiake  llu  iiicms- 
lllC'I'U'Uls  lol  lllf  C  OllSlI  lU  lion  i)|  lilt’  CIDIC  III 

I  v\as  talibiiiifd  against  .in  ii|iii(,il  psioiii- 
cifi  ill. It  was  niiii.ilb  t.ilibi .iied  .it  ilif  Naiion.tl 


UiMi'.iii  III  Si. mil. lids  A  list  nl  ilir  imlu  .iird 
it‘m|M-i.iiiiit-s  mi  lllf  |»\ii)iiifHi  di.il  Misiis  ilif 
MMS  Illlfllt.llimi.il  I  flll|«  l.lllllf  Si  .ilr  IS  sliiiwii 
111  l.iblf  ;t  Wiili  lllf  iisf  ol  ,1  iiiii^sicii  snip. 
Iilanifiii  l.iiiip.  .1  I oiii|i.ii isi Ml  M.is  III. lllf  iifiwffii 
lllf  if.iiliii^s  ^i\fii  1>\  lllf  S.iiimi.il  hiiif.iii  111 
Si.iiid.iids  I  .ilibi  .ilfd  |)\imiiflfis  .mil  llif  I.iImii.i 
loi\  |iMomflfi.  Mllimiyli  llif  disi  if |i.m<  ifs  did 
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1  ABM,  3 

( .oni|>iiriM)ii  <ii  NBS  and  N'RI.  Optiral  Pyioinetei 
MefiMiieineiilH  oi  BiackiMidv  I  t*iii|K'ratiir(' 


1948 

liileriuitioiial 

lem|ieralufr 

Sialc 

("O 

Stale  Reading 

Hstometei  ('.alibrated 
at  NBS(I,&N  No.  1502596) 

NRI.  Pvioiiieiei 
(l.&N  No.  1604797) 

laiw 

(ii; 

Scale 

Medium 

(XH) 

Scale 

High 

(XXH) 

Stale 

I.OW 

(H) 

Scale 

Medium 

(XH) 

Stale 

High 

(XXH) 

Stale 

1200 

1196 

1193 

l.ttMl 

1297 

1294 

I4(KI 

'397 

1.396 

1.5(8) 

149(i 

1497 

1497 

1510 

l(i)K) 

1596 

1597 

1596 

1608 

17181 

1696 

1697 

1694 

1707 

18(8) 

1797 

1812 

19(8) 

1897 

1910 

2(88) 

1997 

2008 

2200 

2197 

2210 

24(8) 

2.396 

2414 

25(8) 

2496 

2471 

2515 

2481 

26(8) 

2.596 

2571 

(2616)* 

(2.582) 

2800 

2796 

2770 

(2817) 

(2784) 

3000 

2967 

_ 1 

(2985) 

*  1  rttiprtrfturrs  ifi  fiarrnthrv^ 


not  exceed  0.7  percent  in  the  low  (H)  range, 
0.9  percent  in  the  medium  (XH)  range,  and 
1.1  percent  in  the  high  (XXH)  range,  they  were 
numerically  high  enough  vi  titat  they  could  not 
be  overltKiked. 

Ihe  true  temperatures  shown  in  Kig.  4  are 
o  '-ecled  for  the  di.s« repancies  noted  during 
pyiomcrer  calihration,  so  that  now  readings 
made  with  the  lahorainrv  optical  pyrometer 
may  lie  applied  to  Fig.  4  to  find  the  true  tern* 
|ieralure. 

L' ncertaintifs  of  thr  Mfawemfnts-V.vcn  with 
all  the  above-mentioned  oirrections  made.  Fig.  4 
cannot  be  considered  numerically  exact  because 
of  uncertainties  introduced  in  '*  c  "eadiiig  of  the 
pyre  leter.  The  operator  must  match  the  bright¬ 
ness  oi  the  internal  filament  with  the  brightness 
of  the  target  as  the  two  images  are  superimposed. 


The  closeness  with  which  this  match  can  be  made 
depends  on  the  sensitivity  of  his  eye  to  small 
changes  in  the  intensity  of  light,  as  well  as  to  the 
color  response  s|)ectrum  of  his  eye.  Flxposures  to 
bright  light  and  physiokigiral  conditions  are 
known  to  reduce  this  sensitivity.  The  comparison 
of  brightness  should  be  made  at  a  mean  effetlive 
wavelength  of  0.65  micron,  but,  in  fact,  the  match 
is  made  within  a  bandwidth  of  alxiut  0.04  micron 
around  this  mean  waveletigth  (10).  This  baitd 
arises  f  rom  the  overlap  of  the  eye’s  color  response 
a,td  the  cutoff  characteristics  of  the  pyrometer’s 
intertial  hliers.  The  "color  blind"  o|x*rator  titay 
make  the  intensity  match  in  the  wavelength  region 
tn  which  his  eye  is  most  sensitive.  This  ttiay  differ 
front  the  wavelength  around  which  anothei 
operator  will  make  this  match.  Now,  if  the  s|>ectra 
of  the  observed  ftlatnent  atid  the  target  are  the 
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same,  there  is  little  disrrepancy.  Hiiwever,  should 
the  spectra  differ,  which  is  usually  the  case,  due  to 
the  optics  and  filters  in  the  pyrometer,  the  iiiteii- 
sity  matches  made  by  the  two  operatfirs  having 
different  color  sensitivity  responses  will  cause 
differences  in  readings  since  the  match  is  in  it  made 
around  the  same  wavelength. 

Brightness  match  is  further  made  difficult  when 
sighting  on  targets  at  noniiniform  teni(jerature  or 
on  a  round  target  where  the  brightness  increases 
from  its  center  to  either  side  due  to  the  increase 
in  eniissivity  as  the  angle  of  emission  increases. 
For  example,  a  tungsten  rcxi  specimen  at  2(K)0*(: 
appears  35®C  brighter  at  the  sitles  than  at  the 
center. 

By  taking  a  number  of  readings  of  an  object 
at  constant  temfierature,  the  uncertaintv  limits 
were  established  as  to  how  close  to  a  nu'an  temper¬ 
ature  the  operators  at  this  Lahoiatory  might 
read  the  pyrometer.  These  uncertaintv  limits 
are  shown  in  the  second  column  of  I'ahle  4  and 
their  meaning  should  lie  explained.  It  will  lie 
assumed  that  actual  readings  distribute  them¬ 
selves  normally  about  a  mean  temperature.  To 
define  this  normal  distribution,  the  mean  and  the 
standard  deviatioti  are  necessary  parameters. 
'I  he  mean  temperature  is  the  average  of  a  large 
number  of  readings.  Ihe  standard  deviation  a, 
which  is  a  measure  of  the  dis|iersion  (or  width* 
of  the  fiinctiot),  has  the  property  that  6K.!f  |K'rcetit 
of  all  the  leadings  made  will  fall  betwee’i  -Nr  and 
— <r.  Similarly,  95.5  jiercent  of  the  readings  will 
fall  *ietween  -♦-2<r  and  — 2<r,  and  99.7  |K*rcent  will 
fall  between  +.3<r  and  — 3<r,  etc.  Although  sufficietit 
data  were  not  available  to  establish  a  reliable 
value  of  cr  for  the  laboratory  pyrotneter,  the 
limits  shown  in  the  second  culutnn  of  Table  4  are 
considered  to  contain  95  jiercent  of  the  teadings 
s(.>  that  these  limits  will  be  set  e(|uivaletit  to  2<r. 
Now,  if  a  single  reading  was  taken,  e.g.,  at  5(KK)°K, 
it  wduld  he  |iossible  to  sav  how  gtHid  the  imIiIs  are 
that  ihe  leading  would  fall  within  ±3^,  ±6°,  attd 
±9®('  away  from  the  mean  tem|x'i autre.  I'hus. 
for  example,  95.5  percent  of  the  time  the  leading 
would  lie  between  the  limits  of  of  the 

mean  temperature  since ±6‘’(  .torresponds  io±2«r. 

In  each  step  of  the  pnKc*dure  used  to  develop 
the  t  urve  of  Fig.  4,  readings  weie  taken  as  follows: 
First,  the  lalioratory  pyrometer  was  calibrated 
from  the  NBS  calibratetl  pyrometer;  next,  the 
blackhody  htiles  were  read;  then  the  correction 
for  glass  was  made;  the  brightness  of  the  dummy 


I  ABI.L  4 

Measurement  L'luertainties  for 
the  Calibiated  Pvrometc.  and 
Reailing  Unceitaintie-  for 
1  he  lailioratorv  Psroiiieter 


BlackbiKfy 

Temperaniie 

("K) 

Piionieier 
('.alihraied  at 
NBS* 

("K) 

NRl 

l’\romelei  + 
(°K) 

iOtHI 

±2 

‘2IKM) 

±.S 

.10(K) 

±ti 

40<M) 

±28 

±9 

*Litirrt4iitit%  limits  lli  hrt|(hlik‘»%  t^ltiprtatuir 

Mail'll  \athMia)  Hiirrau  ot  SlaiiHaiil^  li>l  (hr  optMal 
|i\int}M‘ifr  i.thbtatril  thrm  iRrl  )  h 

III  trailtiigti  \if,  MtHrtlaihtfr^l  abiiut  th 

nH*an  tt'it)|>rialtitr  a%  laiiiiiatfHl  tiiitii  M'^ria)  <*)nrr\att(Hu 
Htlli  lh<‘  Uhikiatiitv  pvttmirlri 

sfiecimen's  ground  flat  suriat  e  was  ineasi  red; 
and  finally,  the  brightness  of  the  lest  six-cimen 
was  itself  meastir/d.  Each  reading  introduced  an 
untertaintv,  and  it  is  the  accumulation  of  these 
that  is  plotted  as  the  limits  shown  in  Fig.  4.  (The 
prexedure  followed  in  accumulating  these  uncer¬ 
tainties  is  discussed  in  the  Appemdix.)  Thus, 
for  a  given  surface  brightness  reading,  one  can 
ilelerniine  between  what  temperature  limiN  the- 
true  tem|ierature  will  lie  90.  tir  99.9  percent 
of  the  lime. 

Two-Color  Pyrometiy 

Emioii't/y  — Even  though  the  lwo<olor  pvifiin- 
eler  is.  in  principle,  relatively  insc'iisiiive  lo  both 
eniissivity  and  the  attenuation  by  gla.ss  and 
coalings,  it  was  found  that  errors  in  tempeiature 
measurements  introduced  bv  these  factors  were 
of  such  magiiilude  that  they  could  not  be  ne- 
glecleil.  But  these  errois  were,  in  general,  iiiuch 
less  than  those  found  in  leadings  made  hv  the 
optical  pyrometer. 

In  general,  emissivitv  (hx-s  not  affect  readings 
with  the  two-color  pyrometer  lo  the  same  extent 
as  it  thx's  readings  with  the  optical  pyrometer. 
For  example,  if  the  true  tem|x‘raiiire  of  a  (Nilished 
luiigsien  target  is  2(MM)®(’,,  the  optical  pyiomeier 
leads  I8I0®(’.  while  the  two-color  reads  2f>44‘’(;  (9). 
The  error  in  readings  taken  with  the  optical 
pyrometer  is  depeiident  on  the  logai  ithiii  of  the 
spectral  e  issivity  at  0.65  micron  (Ftp  3).  On  the 
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oiluT  liaiiii,  iol  iwo  Kiveii  .s(xHiral  ciiiissiviiics  ; 
ihc  ((‘iiiperature  Tr  and  the  true  temperature 
T  are  related,  by  the  inllowing  equation  derived 
froiii  Wien's  law  (12): 


2.303  Tr  T  log  fhifr 
Ciikr  -  K>)lKr  Kt' 


where  G  =  14,388  mirrons-*K  and  the  subsiripts  | 
b  and  r  designate  the  wavelength  0.47  (blue)  and  ' 
0.64  micron  (red),  respectively.  Thus,  the  errors 
to  the  twoxolor  readings  described  by  Eq.  (4), 
Corresponding  to  those  of  the  optical  readings 
described  by  Eq.  (3),  are  seen  to  be  profMirtional 
to  the  logarithm  of  the  ratio  of  the  two  spectral 
emissivities.  In  the  case  of  tun^pRen  at  20(M)^,, 
€r  =  0.429*  and  €»  =  0.464  (7).  Now,  the  smaller 
error  from  the  two-color  pyrometer  will  be  seen  I 
Inim  lilt  Uit  liurt  jkig  ^  rquiilii  0  01V, 

is  considerably  smaller  than  |lng  Cr|,  which  equals  j 
0.368.  No  matter  what  the  magnitude  of  each  | 
spectral  emissivity  may  be,  so  long  as  they  are  ; 
close  to  one  another,  the  reading  error  from  the  j 
two-color  pyrometer  will  be  small.  It  may  be  I 
noticed  also  that  the  two-color  pyrometer  gives  a  | 
reading  higher  than  true  temperature  fur  tungsten  i 
because  c*  >  Cr  and.  thus,  the  ratio  of  blue  energy 
to  red  is  greater  than  that  of  a  blackbcxiy  at  • 
2000"(:  (see  Etj.  (4)).  ! 

The  angle  of  emission  ^  also  has  an  effec  t  on  the 
two-color  readings,  but  again  it  is  less  than  on 
optical  readings.  For  example,  at  2000*’C  an 
increase  in  the  angle  of  emission  ^  from  30  to  60 
degrees  causes  the  apparent  brightness  to  increase  \ 
by  26"t;  with  the  optical  pyn»meter,  while  the  two- 
color  pyrometer  indicates  a  decrease  of  H’C.  1 
Figure  3  shows  the  incR‘ase  in  emissivity  for  both  | 
blue  and  red  radiation,  but  the  ratio  of  these  does 
twn  change  as  greatly  as  does  the  emissivity  for 
red  alone.  Thus  the  effect  on  the  two-color  pyrom¬ 
eter  readings  should  lie  less  than  on  the  optical 
readings.  It  is  interesting  to  note  from  Fig.  3 
and  Eq.  (4)  that  for  an  increase  of  from  30  to 
60  degrees  the  two-color  readings  would  show  a 
lower  temperature  since  at  ^  =  60  degrees  it  sees 
a  decrease  in  the  ratio  of  blue  to  red  from  what 
it  sees  at  =  30  degrees.  i 

Sight  Glass  and  Coating  Attenuation  —  ¥.run% 
introduced  to  measurements  by  the  twcxolor 


*Thf>  unuH  ititfririHr  in  oni««i\il>  hriHrrn  lhai  k  >  9.64  nii- 
(ton  4iMi  A  <•  0  65  mkron  i«  in  lhi<  txamplr. 


pyrometer  are  also  affected  by  the  selective 
attenuation  of  the  Pyrex  sight  glass  and  the 
tungsten  co  •  ngs.  These  errors  are  again  less 
than  those  introduced  to  optical  readings.  For 
example,  at  2035*C’  the  glass  ciirrection  measured 
by  the  twixolor  pyrometer  is  only  5'*C,  while 
that  measured  by  the  optical  is  VO^C.  The  reduced 
magnitude  of  attenuation  errors  to  the  twcxolor 
measurements  is  due  to  the  fact  that  the  errors 
are  dependent  on  the  logarithm  of  the  ratio  of 
the  transmittances  at  each  wavelength,  i.e.,  on 
|log  (TklTr)\,  and  not  on  |log  Tr\  alone,  as  is  the  case 
with  the  optical,  in  general,  as  with  Pyrex  glass, 
|log  {TblTr)\  is  nearer  zero  than  |log  Tr\. 

Tungsten  coatings  on  the  sight  glass  impose  a 
serious  prf*blem  tf»  continuous  temptraiure  meas¬ 
urement  with  both  instruments.  However,  the 
errors  introduced  to  readings  made  bv  the  two- 
itiktt  pyTotumr  ate  abmit  mw  ftith  ihc^ic  caused 
in  the  optical.  But  at  high  tempeiatures  and  with 
the  sight  glass  ofien  for  continuous  monitoring, 
the  thickness  of  the  coating  will  increase  and 
cause  large  errors  after  long  times. 

The  color  temperature  TV  and  true  temperature 
T  are  related  for  given  spectral  transmittances  and 
emissivities  by  the  following  equation  extended 
from  Eq.  (4): 


Tc-T 


2.303  TV  T  log  (c»  r»/cr  Tr) 

Ctikr  -  A*)/Xr  A* 


(5) 


where  G  =  14,388  micron-”K  and  the  subscripts 
b  and  r  designate  the  wavelengths  0.47  and  0.64 
micron,  respectively. 

Calibration  and  Measurement  Uncertainties— The 
twcxolor  pyrometer  was  calibrated  against  the 
NBS  standardized  pyrometer  using  a  tungsten 
strip-filament  lamp.  The  uncertainties  of  readings 
by  the  twcxolor  pyrometer  are  reported  (13) 
for  a  single  reading  to  be  ±1  percent  of  the  span 
of  the  scale  plus  0.75  percent  of  the  measured 
tem|x*rature.  At  2000®K  this  is  cakulated  as 
±19”C,  and  if  it  is  assumed  to  be  equivalent  to  three 
standard  deviations,  this  uncertainty  corresponds 
to  accumulated  uncertainties  of  ±I3*('.  for  readings 
taken  with  the  optical  pyrometer.  It  is  not  entirely 
clear  as  to  wh,.,  these  reported  reading  uncer¬ 
tainties  refer.  The  exfjerience  at  this  laboratory 
indicates  that  each  time  the  twcxolor  pyrometer 
is  calibrated  against  a  calibrated  optical  pyrometer, 
readings  fall  within  this  range  of  ±19*(I.  However, 
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dm  iii^  a  ^ivcn  |xm  kkI  iit  oiifratkiii,  the  instriiiiiciii 
is  stable  to  alMiui  ±3°  at  2(MK)®K. 

Procedure  for  Temperature  Measurement 

It  was  toitnd  during  the  lourse  id  this  study 
that  each  instrument  displayed  advantages  and 
disadvantages  tor  the  various  aspects  of  tem|K‘i- 
ature  measuretnent.  Although  both  the  optical 
and  the  two<olor  pyrometer  readings  were 
iiiHuenced  by  emissivity  and  attenuation  by  the 
sight  glass  and  coatings,  the  two-color  demon¬ 
strated,  as  exjjected,  far  less  of  ati  eHect.  However, 
over  a  peritKl  of  time,  the  calibration  ol  the  two- 
color  varied  slightly  and  the  instrument  did  not 
demonstrate  the  same  high  reproducibility  charac¬ 
teristic  of  the  optical.  For  this  reason,  the  optical 
pyrometer  was  selected  for  the  construction  of 
Fig.  4  and  for  the  determinatioti  of  true  tem¬ 
perature. 

The  two-color  pvroiueter  provides  continuous 
readings  and  temperature  recording.  I'his,  to¬ 
gether  with  its  reported  high  setisitivity  of  less 
than  and  its  greater  immunity  to  measurement 
errors  from  coatings,  made  it  the  desirable  choice 
for  temperature  monitoring  and  control. 

The  procedure  finally  adopted  foi  tem|)erature 
measurement  is  as  follows.  Before  a  test  is  l>egun. 
the  test  specimen  is  heated  to  the  desired  tempera¬ 
ture  as  measured  with  the  optical  pyrometer 
through  clean  sight  glass  in  accordance  with  the 
cokielalion  of  Fig.  4.  At  tliis  |ioiiiI  in  khe  pro¬ 
cedure,  it  is  important  to  niinimi/e  the  coating 
rrrot^  and  to  this  md  ihr  hiUttiiriiig anatt^^rmroi 
was  found  convenient  and  useful.  A  circular  disc, 
with  a  pie-shaj>ed  sector  removed,  is  sti  construe  ted 
that  it  can  be  rotated  bv  a  magnetic  couple  from 
outside  the  sight  gL*  Alter  a  lest  s|>ecimen  has 
been  heated  to  the  desired  tem|)erature,  the  disc 
can  be  rotated  so  as  to  ex|K)se  a  clean  section  of 
glass  and  permit  a  final  reliable  reading  before 
the  test  is  begun. 

When  this  final  reading  with  the  optical  pyrom¬ 
eter  is  taken,  the  corres{)ondiiig  reading  on  the 
two-color  pyrometer  is  noted,  and  control  of  the 
electron  beams  is  adjusted  to  keep  this  tempera¬ 
ture  constant  throughout  the  test.  However,  a 
serious  iimitatioh  to  this  prexedure  arises  from  the 
selective  attenu.ition  of  the  tungsten  coating  on  the 
sight  glass.  At  high  temperatures  and  for  king 
times,  even  the  twoHcilor  pyrometer  readings 


drop  to  where  one  iMav  only  estimate  the  tempeia- 
tiiie  of  the  s{M-cimen.  Despite  this  limitation,  the 
overall  priKecliiie  was  found  saiisfactoiv  in  most 
tests  and  iiMik  advantage  of  the  liesi  i  harai  ieiisiics 
of  both  instrnmenis. 

SUMMARY 

The  application  of  both  the  optical  and  the 
two-color  pyrometers  was  investigated  for  the 
measurement  of  tempeiatuie  of  a  test  s|M-cinien 
in  the  electron  lieam  furnace.  By  using  the 
optical  pyrometer  an  empirical  correlation  was 
established  Ixtween  a  blai  kbodv  teiu|)erature  and 
the  corres|)onding  brightness  of  a  surface  similar 
to  that  of  a  test  sjiecimen.  Fhis  correlation,  which 
was  plotted  as  a  calibration  curve,  accounted  for 
all  the  error-producing  factots  of  emissivitv  and 
attenuation  of  sight  glass,  as  well  as  the  se  due  to 
instrument  calibration  and  unceriaimies.  The 
tem|ieratute  of  a  test  specimen  could  then  be 
determined  ftotn  its  suiface  brightness  lentjxM- 
ature  using  this  correlation.  However,  the  pres¬ 
ence  of  coatings  of  metallic  vapor  on  the  sight 
glass  of  the  lurnace  inircMiuced  an  ert ot  that  could 
not  be  exactly  accounted  for,  but  rather  onlv 
mininii/ed. 

Both  the  optical  and  the  twonolor  pyrometers 
were  compared  with  regard  to  the  itiHuence  of 
emissivity  and  attemiaiion  on  ilieir  readings, 
as  well  as  to  their  accinaiy  and  lepiiMlucibility. 
1  he  twctHolor  pviometer  readings  were  afiected 
by  emissivity  and  attenuation  by  glasses  and 
cHs'higs,  tHrt  Vc  a  leswt  degiee  th;*H  ■wele  tfwise 
of  the  optical  pyrometer.  However,  the  stability 
and  accuracy  of  the  optical  pyiiuueter  were  found 
superioi.  Thus,  it  was  not  clesiiable  to  use  either 
insirutiieni  bv  itself  to  deiermiiie  and  conticil 
teni|)eiatuie  in  the  electron  beam  furnace.  Rather, 
the  following  prixeclure  was  established  to  take 
advantage  of  the  Ix'st  characteristics  of  Ixith 
instruments.  Because  of  its  high  accuracy  and 
stability,  the  optical  pvinuieier  was  selected  to 
establish  the  title  temiieraiuie  of  a  s|)ecimen. 
The  twoHctlor  pyrometer,  although  not  as  stable 
or  accurate,  provided  coiiiimious  leadings  and 
lecordiiig  with  high  seiisitivitv.  It  w.is  also  less 
sensitive  to  the  presence  of  iiieiallic  coatings  on 
the  sight  glass.  For  these  leasons  the  iwo-coloi 
pyrometei  was  selected  lot  teiu|MMatiue  iiioni- 
toring  and  coiiirol. 
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Appendix 

ArCM— iRrion  of  UnccrUintiea 


In  establishing  (he  correlation  between  surface 
brightness  and  true  tem|)erature,  as  previously 
shown  in  Fig.  4,  a  series  of  pyrometer  readings, 
each  containing  an  uncertainty,  was  made.  In 
order  to  accumulate  the  total  uncerlaintv,  it  is 
necessary  to  identify  the  distribution  and  magni¬ 
tude  of  the  individual  uncertainties  inherent 
in  each  measurement.  Estimates  and  assuntptions 
concerning  these  distributions  were  made  since 
sufficient  data  were  not  available  lo  establish 
them  arcuraielv.  Once  these  distrihutions  are 
set,  the  accumulation  is  done  hv  standard  statis¬ 
tical  techniques. 

Temperature  nieasuremetit  utn  ertaiiities  are 
introduced  b\  (a)  the  measurement  tincerlainlies 
of  the  pyrometer  calibrated  at  the  National 
Bureau  of  Standards  (NBS)  and  (b)  the  reading 
uncertainties  introduced  when  calibrating  the 
laboratorv  pyrometer  ( lablc  4)  against  the  NBS 
pvromeier.  Further  umeriainties  are  introduced 
in  reading  the  htac  khodv  temperature,  in  readings 
made  for  the  attenuation  corrections  for  the 
fum«:e  sight-port  glass,  and  in  reading  the  sin- 
face  brightness  of  the  dummy  specimen  and  of 


the  lest  s|)ecimen.  So  the  accumulated  uncer¬ 
tainties  |)ertai)iing  to  the  calibration  curve  of 
Fig.  4  should  lx*  examined. 

It  will  be  assumed  that  the  reading  uncertainties 
and  the  uncertainties  slated  by  NBS  are  distributed 
normally  about  a  mean  temperature  measure¬ 
ment.  The  mean  temperature  measurement  of 
the  NBS-ialibrated  pvrometei  is  assumed  to  be 
the  true  lenqieralure  (when  measuring  a  hlack- 
Ixidy)  to  this  extent:  the  average  of  a  targe  number 
of  calihraiions  and  measurements  would  tend  to 
approach  the  true  temperature.  Next,  it  is  con¬ 
sidered  reasonable  lo  suppose  that  99.5  percent 
of  the  measurements  made  with  the  pyrometer 
calibrated  at  NBS  should  fall  within  the  limits 
staled  by  them.  Therefore,  these  limits  (first 
cctlnmii  of  Table  4)  will  be  considered  eqnivateni 
to  three  standard  deviations  (Scr).  Similarly,  the 
reading  uncertainties  of  the  laboratory  pyrometer, 
as  stated  in  the  second  column  of  Table  4,  are 
considered  t«)  contain  only  95  ix'rcent  of  readings 
made:  so  these  limits  wilt  be  set  equivalent  to  2<r. 

Now  one  ran  evaluate  the  limits  ±cr,  ±2cr, 
±3<r,  etc.,  for  the  accumulated  unceriaiitiies  at 
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eath  tftii|)erature  cif  Table-  4  and  assign  the 
probabilits  ol  falling  wiifiiii  these  litiiits  when  using 
the  calibration  rtirve  in  Fig.  4.  For  siinplkity  let 

a  =  uneertainty  limits  of  brightness  measure¬ 
ments  using  tbe  NBS-<alibrateil  pyromet<-r 
(equivalent  to  three  standard  deviations),  and 

h  =  uncertainty  limits  of  readings  by  the  labora¬ 
tory  pyteimeter  (ecpiivalent  tei  twei  standard  devia¬ 
tions). 

The  variance  tr*  is  defined  as  the  sepiare  of  tfie 
standard  deviation  a.  When  calibrating  an 
insttumetit  against  a  statulardi/ed  otte,  it  may  fn- 
shown  that  the  variance  of  readings  taken  with 
the  instrument  ecpials  the  sum  of  the  variance  of 
the  standard  and  the  variance  of  the  instrue\ent. 
Thus  the  variance  for  the  calibtated  laboratorv 
pvrometer  is  [(a/3)*-f  (6/2)*].  The  construction 
of  Fig.  4  is  expressed  algebraically  as 


Since  tins  relationship  represents  the  addition 
or  subtraction  of  iiide|>endent  temperature 
readings,  the  variances  of  each  reading  may 
be  added  to  give  the  total  variance  of  tfie  true 
tem|H-rature.  Bv  taking  the  average  of  n  inde|>end- 
etit  readings  ittstead  of  a  single  leading,  each 
variance  of  a  contributing  reading  is  divided  bv  n. 
The  following  listing  gives  tbe  variance  assiHiated 
with  each  reading  made  for  tbe  construction  of 
Fig.  4. 


Feiinieratiire 

Reading 

l  est  S|iecimen 
Surla«  e 

BlackbcKly 
(average  of  ni 
readings) 


Variance  («r*)  of 
the  Reading 


1  eni|M-ratme 
Reading 


Variance  (cr*)  of 
tfie  ReafTing 


(ilass  Correction 
(average  of  nj 
readings) 

Dtinimv  S|K-cinieii 
surface 
(average  cd  n.i 
readings) 

I  otal  Variance 
of  True 
temperature' 
Measurement 


n, \9  4/ 

ns  V9  4/ 


y  Hi  fli  ns/y  9  4^ 


Thus  the  standard  deviation  cr  for  the  true 
teni|>eratnre  of  Fig.  4  is 


F.valuating  Kep  (A2)  with  the  a  and  6  for  each 
temperature  show  n  in  Fable  4,  values  are  obtained 
for  ±tr,  ±2(r.  etc.,  as  shown  in  Table  A1  when 
ni  =  n,i  =  1  and  n-j  =  2.  Fhe  uncertaintv  limits 
shown  in  Fabfe  4  are  extended  front  the  values 
shown  in  Table  .Al.  Suitable  multiples  of  cr  are 
selected  to  give  the  limits  (Fable  A2)  between 
which  90,  99,  and  99.9  |K-rcent  of  true  temjier- 
ature  determinations  should  fall. 


Fable  .\f 

Accumulated  l.mcertainties  for 
Master  Calibration  Cmrve  (Fig.  4) 


BlacIchcHfv 

femperaiiire 

(°K) 

±ir 

(°K) 

±2cr 

P  = 

t'K) 

±\a 

P  =  99.7‘i 
(°K) 

IWX) 

2.8 

5.7 

8.5 

4.4 

8.9 

13..4 

.WOO 

8.0 

16.1 

24.1 

4000 

20.: 

41.1 

1 _ _ 

62.2 

tv  lltf*  |•((»tt,tl•lllt^  ft), If  <1  tcjcliitii  uil]  (all  williitt  iIh'  IiiiiiIs 
III  ♦3er. 

Star  I  hcvf  MiitcM.iiMti*  s  ,t|t|iK  ofiK  (oiIk  t  ttt  •>!  I  (<m  hitKlit 
itcvx  ir.icih^s  ‘Atth  (Ik*  PMutiirfci 
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I'aiilk  A2 

Summary  of  Unknown  Systematic  Errors 
and  Accumulated  Uncertainties 


•Amount 

of  Error 

1  ype  Ilf  Error 

at 

KMMTK 

(“K) 

at 

2000*K 

CK) 

at 

SOtWK 

CK) 

at 

4tMM)°K 

(°K) 

Unknown  SysiematH:  Errors: 

1.  Blarkbody  assumption 

a.  best  (DeV’os  (4)) 

-  I* 

-2 

-4 

-  7 

b.  worst  ((^sselton  rt  tU.  <5)) 

-6 

-26 

-  .57 

-  IDS 

2.  Vapor  deposit  on  glass 
{X  *  temperature  drop 
for  any  given  deposit 
at  lOOb*K) 

-JT 

-4Jlf 

-9A 

-  ItiA 

Accumulated  Umertainties; 
for; 

(l.645<r) 

±5 

±7 

±  IS 

±S4 

/*  -  99%  (2.575flr) 

±7 

±  n 

±21 

±  53 

P  »  99.9%  (S.29ir) 

±9 

i  15 

±26 

±68 

**  iwMit  hi(hrr  ihan  irur  irtnprrMurr. 

-  imam  tmurr  than  irur  itmperaiure. 
t*  Ihr  pr<it>aliiliiv  ibal  a  reading  «iH  taH  wMhin  the  liinit>  indkatrd. 


